Introduction
============

Kidney transplantation is the most cost-effective therapy for end-stage renal disease (ESRD).^\[[@R1]\]^ However, the number of new registrations continues to grow more rapidly than the number of transplants performed, and there is no indication that these trends will change in the near future.^\[[@R2]\]^ Due to limited supplies and increased demand, organs from expanded-criteria donors (ECD) are used to expand the pools of cadaver kidney donors.^\[[@R3]\]^ Moreover, the aging general population has resulted in a constant and dramatic increase in ECDs. In the future, ECD transplantation could be the main source for kidney and other solid-organ transplants.^\[[@R4]\]^

Although the use of ECD kidneys has alleviated the problem of organ shortage, it is associated with dramatic increase in delayed graft function (DGF) risk, which occurs in more than 50% of ECD transplants,^\[[@R5]--[@R8]\]^ compared with 2% to 50% of standard- criteria donor kidney transplants. Numerous studies have reported the deleterious effects of DGF on graft survival.^\[[@R9]--[@R12]\]^ A paired kidney registry analysis showed that recipients with DGF experienced increased overall graft loss compared with individuals without DGF (14% *vs*. 4%).^\[[@R11]\]^ Further, a recent systematic review involving 151,194 kidney transplant recipients demonstrated that the pooled relative risk for graft loss in recipients with DGF was 1.41 compared to that in individuals without DGF.^\[[@R12]\]^ In contrast, Boom *et al*^\[[@R13]\]^ revealed that DGF affects renal function but not graft survival, and other studies found that DGF has no effect on outcome.^\[[@R8],[@R14]--[@R20]\]^ Thus, the exact contribution of DGF to kidney graft loss remains controversial. Despite the potential for ECD, many of these harvested organs are ultimately refused or discarded by transplant teams.^\[[@R21]\]^ To optimize the use of kidneys from ECDs, the association between DGF and graft survival must be understood.

The objectives of this study were to examine the association between DGF and graft survival after kidney transplantation and to identify the protective factors for graft survival to ensure evidence-based kidney allocation and that kidneys within transplant centers are used effectively, which will ultimately prolong transplant survival.

Methods
=======

Ethical approval
----------------

The study was approved by the Human Organ Transplantation and Ethics Committee of Sun Yat-sen University and in accordance to the *Declaration of Helsinki*. Written informed consent was obtained from the participants for the publication of their individual details and accompanying images in this manuscript.

Study design
------------

This retrospective, multicenter, observation cohort study included 541 kidney transplants from February 2012 to March 2017 (with follow-up until March 2018). This study was performed in three kidney transplant institutions, namely the Third Affiliated Hospital of Sun Yat-sen University, the Third Affiliated Hospital of Guangzhou Medical University, and the First Affiliated Hospital of Jilin University. We obtained donor data from the China Organ Transplant Response System and reviewed organ procurement organization charts to obtain additional donor information that was not available through the China Organ Transplant Response System. All recipient data were obtained from patient medical records.

The main outcome after transplantation was DGF, which was defined as the requirement for dialysis during the first week after transplantation. Graft loss was defined as a requirement for dialysis after kidney transplantation, excluding patients who had a functioning graft but died of other causes. ECD included all deceased donors ≥60 years and donors \>50 years with at least two of the following conditions: history of hypertension, serum creatinine \>1.5 mg/dL, and cerebrovascular cause of death.^\[[@R22],[@R23]\]^ Urine protein classification standards are \<0.2 g/L: 0; urine protein is 0.2 to 1.0 g/L: 1+; 1.0 to 2.0 g/L: 2+; ≥2 g/L: 3+.

All organs were procured from donors in accordance with the *Declaration of Helsinki* and the *Declaration of Istanbul on Organ Trafficking and Transplant* Tourism and approved by the Human Organ Transplantation and Ethic Committee of each institution. Donation after cardiac death (DCD) was legally defined as irreversible cessation of circulatory function.^\[[@R24]\]^ Organ allocation was according to the China Organ Transplant Response System. All data were searchable. The perfusion solution was stored in a refrigerator at 4°C. After the organ was obtained, the first perfusion was performed on the operating table with a hypertonic citrate purine solution, and all the blood in the organ was rinsed. The organs were stored in an ice cube filled with ice; the kidneys were kept in ice cubes until the blood vessels were opened.

Statistical analysis
--------------------

Continuous variables are reported as the mean ± standard deviation or as medians (interquartile ranges), and categorical variables are reported as frequencies (%). Chi-squared tests or Fisher exact tests were used to assess between-group differences in categorical variables, and a Student\'s *t* test was used to assess between-group differences in continuous variables. The Mann-Whitney *U* test was used to assess between-group differences for non-normally distributed variables.

Kidney allograft survival according to ECD and DGF status was plotted using Kaplan-Meier curves and compared using the log-rank test. Univariate analysis and multivariate logistic regression analysis were used to verify the association between clinical parameters and DGF. Cox proportional hazards models were applied to quantify the hazard ratios (HRs) and the 95% confidence intervals (CIs) for kidney graft loss. The multivariate Cox model was obtained by entering risk factors from the univariate model that met the threshold of *P* ≤ 0.10 in a single multivariate proportional hazards model.

All statistical analyses were performed with SPSS version 20.0 (IBM Corp., Armonk, NY, USA), and *P* \< 0.05 was considered statistically significant.

Results
=======

Characteristics of donors and recipients
----------------------------------------

A total of 284 deceased donors and 541 recipients were included. The mean age of the donors was 40.7 years. In total, 65 (22.8%) donors were ECD, and the mean recipient age was 55.8 years \[Table [1](#T1){ref-type="table"}\]; 107 (19.8%) recipients developed DGF. The average follow-up time was 36.7 months, with the shortest being ten months and the longest being 77 months. 31 people died, 54 were lost to follow-up.

###### 

Donor and recipients characteristics of kidney transplants, stratified by donor type.

![](cm9-133-561-g001)

Four distinct populations were identified based on donor characteristics (standard-criteria donor \[SCD\] or ECD) and recipient status on day 7 post-transplantation (immediate graft function \[IGF\] or DGF) as follows: patients receiving SCD transplants with IGF (SCD + IGF, *n* = 349); patients receiving SCD transplants with DGF (SCD + DGF, *n* = 72); patients receiving ECD transplants with IGF (ECD + IGF, *n* = 85); patients receiving ECD transplants with DGF (ECD + DGF, *n* = 35). The characteristics of the kidney recipients and their donors among the four groups are presented in Supplementary Table 1. We also stratified patients with induction therapy, and the characteristics of kidney recipients are shown in Supplementary Table 2.

Association between clinical parameters and DGF
-----------------------------------------------

Univariate analysis of the parameters analyzed for their association with DGF is shown in Table [2](#T2){ref-type="table"}, whereas multivariate logistic regression analysis is summarized in Table [3](#T3){ref-type="table"}. For all recipients, induction therapy with anti-thymocyte globulin (ATG) (odds ratio \[OR\] = 0.359; 95% CI = 0.197--0.652; *P* = 0.001) was a protective factor against DGF. However, donor proteinuria level (3+) (OR = 1.665; 95% CI = 1.498--4.707; *P* = 0.001), donor terminal serum creatinine (OR = 1.006; 95% CI = 1.002--1.011; *P* = 0.005), and warm ischemia time (WIT) (OR = 1.562; 95% CI = 1.275--6.427; *P* = 0.001) were risk factors for DGF.

###### 

Univariate logistic regression analyses for the parameters of delayed graft function.
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###### 

Multivariate logistic regression analyses for the parameters of delayed graft function.

![](cm9-133-561-g003)

For patients receiving SCD transplants, induction therapy with ATG (OR = 0.363; 95% CI = 0.189--0.699; *P* = 0.002) was protective against DGF; donor proteinuria level (3+) (OR = 1.965; 95% CI = 1.327--6.626; *P* = 0.008), donor terminal serum creatinine (OR = 1.006; 95% CI = 1.001--1.010; *P* = 0.013), and WIT (OR = 1.284; 95% CI = 1.006--9.150; *P* = 0.001) were risk factors for DGF.

For patients receiving ECD transplants, induction therapy with ATG (OR = 0.125; 95% CI = 0.018--0.840; *P* = 0.032) was a protective factor against DGF, whereas WIT (OR = 1.721; 95% CI = 1.363--6.839; *P* = 0.045) was a risk factor for DGF.

DGF is associated with graft loss in ECD, but not SCD recipients
----------------------------------------------------------------

The rates of DGF for ECD and SCD groups were 29.2% and 17.1%, and graft loss rates were 10.0% and 4.5%, respectively. Figure [1](#F1){ref-type="fig"}A depicts the kidney allograft survival rate 5 years post-transplantation. After dividing the patients into groups based on donor characteristics (SCD or ECD) and recipient status (IGF or DGF), ECD + DGF recipients exhibited higher graft loss rate (28.6%) than ECD + IGF (4.6%), SCD + IGF (4.2%), and SCD + DGF (4.6%) recipients. Comparing recipients of SCD kidneys with and without DGF, the 5-year graft survival rate was not significantly different (95.8% *vs*. 95.4%; *P* = 0.580). However, for ECD recipients, comparing those with and without DGF, the 5-year graft survival rate was significantly different (71.4% *vs*. 97.6%; *P* = 0.001). Figure [1](#F1){ref-type="fig"}B shows the Kaplan-Meier curves of kidney allograft survival by donor type (SCD + ECD) and recipient status at day 7 post-transplantation (IGF + DGF) (log-rank test, *P* \< 0.001).

![Kaplan-Meier estimates of graft survival after renal transplantation in ECD and SCD kidney recipients. (A) Kidney allograft survival rate at 5 years post-transplantation (SCD + IGF, *n* = 349; SCD + DGF, *n* = 72; ECD + IGF, *n* = 85; ECD + DGF, *n* = 35). (B) Kaplan-Meier curves of kidney allograft survival by donor type (SCD + ECD) and recipient status on day 7 post-transplantation (IGF + DGF). ^∗^*P* \< 0.05. DGF: Delayed graft function; ECD: Expanded-criteria donors; IGF: Immediate graft function; SCD: Standard-criteria donor.](cm9-133-561-g004){#F1}

Table [4](#T4){ref-type="table"} shows the associations among donor and recipient characteristics, transplant characteristics, and immunological parameters associated with graft loss, after dividing patients into three groups (all recipients, patients receiving SCD transplants, patients receiving ECD transplants). Table [5](#T5){ref-type="table"} shows the identified baseline independent predictors of graft loss.

###### 

Cox proportional hazards regression model for the predictors of graft survival in univariate analyses.
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###### 

Cox proportional hazards regression model for the parameters of graft survival in the multivariate analysis.

![](cm9-133-561-g006)

Based on Cox analysis of all recipients, the major determinant independently associated with graft failure was WIT \>18 min (HR = 1.336; 95% CI = 1.005--5.428; *P* = 0.049); induction therapy with ATG was an independent protective factor for graft survival (HR = 0.308; 95% = 0.130--0.728; *P* = 0.007), and this was adjusted for WIT, cold ischemia time, induction therapy, and recipient status (DGF).

When we performed Cox analysis for patients receiving SCD transplants, induction therapy with ATG was a protective factor independently associated with graft survival (HR = 0.351; 95% CI = 0.109--0.930; *P* = 0.049); WIT (\>18 min) was a risk factor for graft survival (HR = 1.941; 95% CI = 1.625--6.909; *P* = 0.033), and this was adjusted for donor proteinuria level (3+), WIT (\>18 min), induction therapy (ATG), and human leukocyte antigen mismatch level.

When we performed Cox analysis for patients receiving ECD transplants, induction therapy with ATG was still a protective factor for graft survival (HR = 0.162; 95% CI = 0.026--0.952; *P* = 0.012). However, DGF was the major determinant independently associated with graft failure (HR = 1.885; 95% CI = 1.305--7.630; *P* = 0.024), in addition to WIT (\>18 min) (HR = 1.662; 95% CI = 1.132--3.883; *P* = 0.013), and this was adjusted induction therapy (ATG), WIT (\>18 min), and recipient statue (DGF).

Higher levels of donor proteinuria are associated with higher incidences of *de novo* proteinuria after renal transplantation and graft loss
--------------------------------------------------------------------------------------------------------------------------------------------

According to clinical test results, proteinuria could be divided into four levels, specifically 0, 1+, 2+, and 3+. After dividing patients into groups based on donor characteristics (SCD or ECD) and recipient status (IGF or DGF), including SCD + IGF, SCD + DGF, ECD + IGF, and ECD + DGF, the percentages in each group based on donor proteinuria levels were as follows: level 0: 57%, 56%, 48%, and 37%, respectively; level 1+: 26%, 28%, 32%, and 36%, respectively; levels 2+: 10%, 8%, 12%, and 17%, respectively; level 3+: 7%, 8%, 8%, and 20% \[Figure [2](#F2){ref-type="fig"}A\]. Donors in the ECD + DGF group had an especially higher proportion of proteinuria of 3+ compared with that in other groups. Figure [2](#F2){ref-type="fig"}B and 2C shows the estimated glomerular filtration rates (eGFRs) and probability of proteinuria in each group during the 5-year follow-up. Patients in the ECD + DGF group showed a significant decrease in eGFR and a significant increase in the probability of proteinuria beginning at 36 months of follow-up, and the ECD + DGF group had an increased incidence of graft loss \[Figure [1](#F1){ref-type="fig"}A\].

![Distribution of donor proteinuria in each group and the probability of *de novo* proteinuria in each group as well as glomerular filtration rate tendency. (A) Patients were divided into groups based on donor characteristics (SCD or ECD) and recipient status (IGF or DGF) as follows: SCD + IGF, *n* = 349; SCD + DGF, *n* = 72; ECD + IGF, *n* = 85; ECD + DGF, *n* = 35. The proportions of patients in each group based on donor proteinuria scores are shown. Urine protein classification standards are \<0.2 g/L: 0; urine protein is 0.2 to 1.0 g/L: 1+; 1.0 to 2.0 g/L: 2+; ≥2 g/L: 3+. (B) Probability of *de novo* proteinuria in each group during the 5-year follow-up. (C) Estimated glomerular filtration rate trend in each group during the 5-year follow-up. ^∗^*P* \< 0.05. DGF: Delayed graft function; ECD: Expanded-criteria donor; IGF: Immediate graft function; SCD: Standard-criteria donor.](cm9-133-561-g007){#F2}

ATG is a protective factor against DGF
--------------------------------------

We next stratified the recipients according to donor type (ECD or SCD) and induction regimen (ATG or basiliximab) into four groups including patients receiving SCD transplants with ATG (SCD + ATG, *n* = 332), patients receiving SCD transplants with basiliximab (SCD + basiliximab, *n* = 89), patients receiving ECD transplants with ATG (ECD + ATG, *n* = 93), and patients receiving ECD transplants with basiliximab (ECD + basiliximab, *n* = 27). The rates of DGF were 14%, 27%, 22%, and 44%, respectively \[Figure [3](#F3){ref-type="fig"}A\], and the rates of graft loss were 3.6%, 7.8%, 7.5%, and 18.5%, respectively \[Figure [3](#F3){ref-type="fig"}B\]. The DGF rates between the SCD + ATG and SCD + basiliximab groups (*P* = 0.006) and between the ECD + ATG and ECD + basiliximab groups (*P* = 0.043) were significantly different. Further, the ECD + basiliximab group had a lower graft survival rate than the other groups (log-rank test, *P* = 0.003).

![Recipients stratified into four groups according to donor type (ECD or SCD) and induction regimen (ATG or basiliximab): incidence of DGF (A) and graft loss (B). (SCD + ATG, *n* = 332, SCD + basiliximab, *n* = 89, ECD + ATG, *n* = 93, ECD + basiliximab, *n* = 27). Recipients stratified into four groups according to donor type (ECD or SCD) and WIT (≤18 or \>18 min): incidence DGF (C) and graft loss (D). (SCD + WIT ≤18 min, *n* = 318, SCD + WIT \>18 min, *n* = 103, ECD + WIT ≤18 min, *n* = 65, ECD + WIT \>18 min, *n* = 55). ^∗^*P* \< 0.05. ATG: Anti-thymocyte globulin; DGF: Delayed graft function; ECD: Expanded-criteria donors; IGF: Immediate graft function; SCD: Standard-criteria donor; WIT: Warm ischemia time.](cm9-133-561-g008){#F3}

WIT is a risk factor for DGF and graft loss
-------------------------------------------

We next stratified the recipients according to donor type (SCD or ECD) and WIT (≤18 or \>18 min) into four groups including patients receiving SCD transplants with WIT ≤18 min (SCD + WIT ≤18 min, *n* = 318), patients receiving SCD transplants with WIT \>18 min (SCD + WIT \>18 min, *n* = 103), patients receiving ECD transplants with WIT ≤18 min (ECD + WIT ≤18 min, *n* = 65), and patients receiving ECD transplants with WIT \>18 min (ECD + WIT \>18 min, *n* = 55). The rates of DGF were 13.5%, 28.2%, 13.8%, and 47.3%, respectively \[Figure [3](#F3){ref-type="fig"}C\], whereas the rates of graft loss were 3.1%, 8.7%, 4.6%, and 16.4%, respectively \[Figure [3](#F3){ref-type="fig"}D\]. The DGF rates in the ECD + WIT \>18 min and SCD + WIT \>18 min groups were especially higher than those in the other groups, and the difference between the SCD + WIT \>18 min and ECD + WIT ≤18 min groups was statistically significant (*P* = 0.023). No significant difference between the ECD + WIT ≤18 min and SCD + WIT \>18 min groups was observed (*P* = 0.539); however, the graft survival rate between these groups was significantly different (log-rank test, *P* = 0.002).

Discussion
==========

In this retrospective, multicenter, observation cohort study, we found that DGF is an independent risk factor for graft survival in ECD recipients, but not SCD recipients. For donors with WITs \>18 min, the incidence of DGF was significantly increased and the graft survival rate was decreased. Further, we demonstrated for the first time that recipient induction therapy with ATG decreases the rate of DGF and prolongs graft survival.

DGF was associated with graft loss in recipients receiving ECD, but not SCD, kidneys. The use of ECD kidneys has alleviated the pressures of organ shortages but has also increased the incidence of DGF. Understanding the effect of DGF on long-term outcomes will help to manage kidney transplant patients; however, the effect of DGF on graft loss is uncertain based on the published literature. Lim *et al*^\[[@R11]\]^ recently showed that recipients of DCD kidneys with DGF had a higher incidence of death-censored graft loss compared with patients with IGF. A systematic review involving 151,194 kidney transplant recipients also showed that DGF has an adverse effect on graft outcomes.^\[[@R12]\]^ In contrast, Boom *et al*^\[[@R13]\]^ revealed that DGF affects renal function but not graft survival. Weber *et al*^\[[@R15]\]^ confirmed that although the incidence of DGF in DCD kidney recipients is higher than of recipients of kidney donation after brain death, there is no significant difference in the long-term outcomes between the two graft types. In our study, we demonstrated that DGF is only an independent risk factor for recipients of ECD, but not SCD kidneys. This result explains why different researchers have obtained different results on the association between DGF and graft survival.

The etiology of DGF was hypothesized as follows: nephron loss results in ischemia-reperfusion injury during the procedure, which causes a cascade of molecular events, leading to apoptosis, inflammation, and endothelial injury.^\[[@R5]\]^ In this study, recipients of ECD kidneys had a higher rate of DGF than individuals receiving SCD kidneys, and DGF was an independent risk factor for graft survival in recipients with ECD kidneys. There are several reasons for this result. First, ECD kidneys are more sensitive to ischemia-reperfusion than SCD kidneys; therefore, ECD kidneys could lose more nephrons during the procedure, leading to increased incidence of DGF. Second, the capability of self-repair in ECD kidneys is diminished compared with that in SCD kidneys. After transplantation, part of the nephrons might never recover, whereas the remaining nephrons might be more sensitive to drug toxicity; the eGFR after transplantation was found to be gradually decreased \[Figure [2](#F2){ref-type="fig"}C\], and this could be the reason why the graft survival rate of ECD recipients is significantly lower than that of SCD recipients.^\[[@R23],[@R25]\]^ Third, the relationship between acute kidney injury (AKI) and chronic kidney disease (CKD) has been studied for several decades, and these are closely associated and interconnected.^\[[@R26]--[@R29]\]^ AKI might contribute to the development and progression of CKD, and CKD is known to sensitize patients to AKI. We observed that ECDs had a higher level of proteinuria than SCDs \[Figure [2](#F2){ref-type="fig"}A\] and that ECDs had a higher incidence of hypertension history, which might suggest that most ECDs had a history of CKD. AKI, occurring in donors with CKD, will lead to transplanted kidneys with more severe injury and difficult recoveries; moreover, patients receiving ECD kidneys have a greater possibility of *de novo* proteinuria \[Figure [2](#F2){ref-type="fig"}B\], indicating that these patients are more likely to develop CKD after kidney transplantation. All of these reasons could indicate why patients receiving ECD transplants with DGF had a lower survival rate.

Recently, a study has shown that every additional hour of cold ischemia increases the risk of graft loss.^\[[@R14]\]^ Tennankore *et al*^\[[@R30]\]^ found that prolonged WIT was associated with graft failure and mortality post-transplantation. In this study, WIT was recorded from the termination of life support to the hypothermic perfusion of the graft. Recipients of ECD kidneys with WIT \>18 min had an especially high incidence of DGF (47%), and the recipient graft loss rate was nearly 16.4% over 5 years. However, for recipients of ECD kidneys with WIT \<18 min, the DGF rate was lower than that for recipients of SCD kidneys with WIT \>18 min (13.8% *vs*. 28.1%; *P* = 0.023) and the graft loss rate was similar (4.6% *vs*. 8.7%). Specifically, the DGF and graft loss rates were not significantly different between the ECD + WIT ≤18 min and SCD + WIT ≤18 min groups. These results revealed that recipients of ECD kidneys could experience considerable graft survival rates if WIT is controlled within reasonable limits; further, for recipients of ECD kidneys with WIT \>18 min, we should strengthen post-operative management to maintain allograft functions for as long as possible.

Several studies have revealed the association between ATG and DGF,^\[[@R31]--[@R33]\]^ and induction therapy with ATG compared with other regimens significantly decreased the incidence of DGF. More recently, Chapal *et al*^\[[@R34]\]^ revealed that the risk of DGF was reduced 1.73-folds in patients with ATG. Other studies also revealed the same association between ATG and DGF.^\[[@R35]--[@R38]\]^ Our results showed that recipient induction therapy with ATG resulted in a lower incidence of DGF, compared with that with basiliximab; moreover, for recipients of ECD kidneys, the Cox proportional hazards regression model for the parameter of graft survival, based on multivariate analysis, showed that ATG was a protective factor for long-term allograft survival. In general, we recommend that for recipients of ECD kidneys, induction therapy with ATG is a better option.

In conclusion, our study demonstrated that DGF is an independent risk factor associated with long-term allograft survival in recipients of ECD kidneys, but not SCD kidneys. Further, a donor WIT \>18 min will not only increase the incidence of DGF but also decrease allograft survival time. Further research is needed to verify our studies.
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